Viability of polyploid organisms in lower vertebrates including fish provides an additional tool to investigate genetic mechanisms of neoplastic transformation caused by carcinogens. Here we present data on differential sensitivity of diploid and triploid zebrafish (Danio rerio) to N-nitrosodimethylamine (NDMA) induced hepatocarcinogenesis. The effect of the carcinogen was studied in 100 diploid and 120 triploid zebrafish. Zebrafish, age 5-6 weeks, were exposed to 50 ppm NDMA for 8 weeks and then were transferred into fresh carcinogen-free water until necropsy. At the necropsy performed 24 weeks after beginning the treatment, cholangiolar tumors (cholangiocarcinomas and cholangiomas) were essentially observed in diploid zebrafish only, while the incidence of hepatocellular tumors (hepatocellular carcinomas and adenomas) was similar in diploid and triploid zebrafish, 7.7% and 9.5%, respectively. By contrast, 36 weeks after beginning the treatment, the incidence of hepatocellular tumors was significantly lower in diploid animals as compared to triploid ones, 10.3% and 33.8%, respectively. The incidence of cholangiolar tumors in diploid and triploid zebrafish was not significantly different, 10.3% and 14.9%, respectively. Therefore, the increase of ploidy appeared to have a differential effect on the induction of these 2 types of liver tumors in zebrafish. This finding suggests a difference in genetic mechanisms of the tumor development revealed by utilization of triploid animals in this study. However, triploid zebrafish demonstrated an overall increase in latency period in the development of both types of hepatic tumors, a finding that can be interpreted as an increased resistance of triploid animals to the carcinogenic effect of NDMA.
INTRODUCTION
Mutations in tumor suppressor genes play an important role in animal and human cancer development (Hollingsworth and Lee, 1991) . The majority of these mutations have a recessive pattern of mutations, i.e., phenotypic changes develop when the inactivation of both alleles of the gene occurs. Therefore, by manipulating the allele number and, correspondingly, by decreasing and increasing the probability of inactivation of all alleles of a putative tumor suppressor gene it would be possible to make an initial assessment of this particular mechanism of carcinogenesis. Unlike mammals (Surani and Barton, 1983) , lower polyploid vertebrates, including fish, are capable of developing into adult organisms (Chourrout, 1980; Kavumpurath and Pandian, 1990) . This ability makes them a unique model for studying the relationship between tumor development and accumulation of mutations in tumor suppressor genes. Theoretically, the incidence of tumors caused by recessive mutations in tumor suppressor genes should be lower in polyploid animals than in diploid ones, because the probability of inactivation of 3 alleles is less than that of 2 alleles. Indeed, Thorgaard et al. (1999) demonstrates a significantly decreased incidence of tumors caused by either N -methyl-N -nitro-N -nitrosoguanidine (MNNG), dimethylbenzanthracene (DMBA), or aflatoxin B1 (AFTB1) in kidney, stomach, and swim bladder in triploid rainbow trout compared to diploid ones. However, it remains to be established if this phenomenon occurs in other fish species and with different types of tumors.
Zebrafish recently became one of the most popular and well-established models in genetics and developmental biology due to its short life cycle, small size, and ease of laboratory maintenance (Detrich, Westerfield, and Zon, 1999) . This made zebrafish a convenient model in cancer research (Amatruda et al., 2002; Stern and Zon, 2003) including chemical carcinogenesis (Khudoley, 1980; Beckwith et al., 2000; Spitsbergen et al., 2000a Spitsbergen et al., , 2000b . Moreover, viable triploid zebrafish can readily be generated via heat shock (Kavumpurath and Pandian, 1990) . N-nitrosodimethylamine (NDMA, used in this study) and its structurally homologous N-nitrosodiethylamine are widely utilized for tumor induction in different fish species, including zebrafish, and cause mostly hepatic tumors (Khudoley, 1980; Boorman et al., 1997; Okihiro and Hinton, 1999) . Here, we present evidence that diploid and triploid zebrafish have not only a differential sensitivity to NDMA-induced hepatocarcinogenesis, but are also likely to differ in cellular and molecular mechanisms of tumor development in the liver.
MATERIAL AND METHODS

Animals
AB wild-type zebrafish were obtained from E. Weinberg (University of Pennsylvania). Fish were spawned, reared, and maintained in standard conditions (Westerfield, 1995) , including 14-hour light/10-hour dark cycle, T = 26 ± 1
• C, and Tetramin (Tetra, Germany) as a basal diet supplemented with nauplii of Artemia salina. During the entire study, except for PLOIDY AND CARCINOGENESIS IN ZEBRAFISH 515 8 weeks when NDMA was present in the water, fish were maintained in dechlorinated tap water in 20-L acrylic tanks connected to a closed water recirculation system equipped with a biological and mechanical filtration subsystem and UV-sterilization, 50-60 fish in each.
Induction of Triploid Zebrafish and Control of Ploidy
Triploid zebrafish were generated essentially according to the method described by Kavumpurath and Pandian (1990) with small modifications. Briefly, 2.5 minutes after in vitro fertilization, eggs were transferred to a water bath at 41
• C for 2 min. to block formation of the second polar body. Five hours later the viable embryos that showed cleavage were separated from dead embryos. Viable embryos were transferred into fresh water at 28.5
• C supplemented with 60 mg/L sea salt (Aquamedic, Germany), where they continued to develop until yolk sack depletion and switching to consumption of paramecia, 5 days after fertilization. At age 6 months, heat-shock-treated (presumably triploid) zebrafish in both NDMA-exposed and control groups were tested for ploidy using the size of erythrocyte nuclei as a criterion (Kavumpurath and Pandian, 1990) . The blood smears were obtained from tricain-anesthetized fish by application of a microscopic slide to the amputated caudal fin. The blood smears were fixed by methanol and stained with Harris' hematoxylin. Erythrocyte imaging was carried out under a MBI-15 (LOMO, Russia) microscope equipped with high-resolution monochromic camera (Chiper, Taiwan) and framegrabber IV-450 (MuTech, USA). Erythrocyte nuclei fields were measured digitally using a free version of UTHSCSA Image Tool v.2.6 software (USA). Then, 20-30 nuclei were measured in each fish.
Carcinogen Exposure
We used 100 diploid and 120 potentially triploid 5-6-week-old zebrafish in the experiments on tumor induction. Almost all triploid zebrafish in our experiment were males. This observation agrees with published data on generation of triploid zebrafish by heat shock (Kavumpurath and Pandian, 1990) . Considering a possibility of differential sensitivity of male and female zebrafish to the carcinogenic action of NDMA, the diploid group was also formed mainly of males. A small number of female zebrafish in the diploid group was due to a weak sexual dimorphism of juvenile (1.5 months) zebrafish at the beginning of experiments. 50 ppm NDMA (Sigma, Germany) was dissolved in dechlorinated tap water. The exposure of fish to NDMA lasted for 8 weeks. During this period of time the fish in both control and NDMA-exposed groups were kept in 20-L acrylic tanks, 50-60 fish in each. Each fish tank was supplied with an individual system of thermoregulation and mechanical filtration. Water exchange was carried out every other week in control and NDMA-exposed groups. The filters were cleaned twice a week. Then, 8 weeks after beginning the experiment both control and NDMAexposed zebrafish were returned to system tanks. During the experiments the diet, temperature, and light/dark cycle remained at the standard conditions.
Euthanasia and Tissue Preparation
During experiments, we monitored the well-being of fish daily. Either weak or visibly sick animals spotted during these daily checks were euthanized by 0.4% tricaine (MS222, Sigma, Germany). Collection of fish for further histological analysis in NDMA-exposed groups occurred 24 and 36 weeks after beginning the carcinogen treatment. Fish in control groups were analyzed at 36-week necropsy only. Before placing fish into a fixation solution, their fins and gill covers were removed. In addition, the fish were ventrally opened to improve fixation of abdominal tissues and organs. The fixation was carried out in Lillie solution (formalin, formic acid and picric acid) for 2-4 weeks. Approximately half of the zebrafish population in NDMA-exposed groups was selected for 24-week necropsy, including all animals with macroscopic signs of tumor growth. After fixation, fish were embedded in paraffin according to standard protocol and underwent histological processing. Fish were sectioned at 3 levels: approximately through the middle of the lens of the left eye, medial to the left eye, and on the midline. Slices, 5-7-µm thick, were deparaffined and stained with Harris' hematoxylin and eosin (H&E). The histological diagnosis was carried out according to hepatic tumor classification in fish (Boorman et al., 1997) .
Statistical Analysis
We analyzed 91 diploid and 116 triploid fish in NDMAtreated groups and 48 diploid and 47 triploid fish in control groups. The chi-square method was used for statistical analysis of the experimental data (Systat Software Inc., Richmond, USA).
RESULTS
One hundred and sixty eight of 170 heat-shock-pretreated zebrafish appeared to be triploid males. The remaining 2 control fish included 1 diploid male and 1 triploid female. The average size of erythrocyte nuclei in triploid zebrafish was approximately 1.5-fold larger than that in diploid fish (data not shown, Kavumpurath and Pandian, 1990) . Among 91 NDMA-treated diploid fish, 78 were male and 13 female. The total tumor incidence was similar in male and female zebrafish, 30.1% and 23.1%, respectively ( p > 0.5). Therefore, a comparison of the data generated in triploid male zebrafish with the data generated in diploid fish of both sexes appears to be justified in this study. All hyperplastic lesions and tumors in diploid and triploid animals were found exclusively in the liver (Table 1) . Their morphology was typical to pathological changes induced by N -nitroso compounds in fish liver (Khudoley, 1980; Boorman et al., 1997; Okihiro and Hinton, 1999) . No similar alterations were observed in either control (diploid and triploid zebrafish) group.
Nonneoplastic Proliferative (Hyperplastic) Lesions
We observed both basophilic and eosinophilic foci in liver of NDMA-treated diploid and triploid zebrafish (Table 1) . Two basophilic foci were found in 2 triploid zebrafish at 24-week and 36-week autopsies. Eosinophilic foci were detected in both diploid and triploid zebrafish at 36-week necropsy only. Eosinophilic foci were significantly more frequent in triploid zebrafish (18.9%) than in their diploid counterparts (5.1%, p < 0.05). 
Tumors
The hepatic tumors detected in NDMA-treated diploid and triploid zebrafish were hepatocellular adenomas (HCA), highly and moderately differentiated trabecular hepatocellular carcinomas (HCC), cholangiomas (Ch), and cholangiocarcinomas (ChC) ( Table 1 ). There was no distinct difference between diploid and triploid zebrafish in regards to morphology of hepatocellular (Figures 1, 2 ) and cholangiocellular (Figures 3, 4) tumors. Two small HCA ( Figure 5 ) were present in triploid zebrafish at the 36-week necropsy. The incidence of HCC was more frequent and occurred in 7.7% of diploids and 9.5% of triploids at 24-week necropsy and in 10.3% of diploids and 31.1% of triploids ( p < 0.02), at 36-week necropsy.
The incidence of Ch was low in both diploid and triploid animals. Three Ch (of total 5 tumors) were detected in diploid fish at 24-week necropsy and two Ch were found in triploids at 36-week necropsy. By contrast, we observed a high incidence of ChC (23.1%) in diploid zebrafish, while this type of tumor was absent in triploid zebrafish at 24-week necropsy. However, at 36-week necropsy the incidence of ChC in diploid and triploid animals was essentially equalized, 10.3% and 12.2%, respectively ( p > 0.05). It is noteworthy that the size of ChC was typically smaller in triploid as compared to diploid zebrafish.
A simultaneous development of different types of tumors was observed in 2 diploid and 3 triploid zebrafish. A combination of tumors with foci of hepatocellular alteration occurred in 1.1% of diploid and 6.9% of triploid zebrafish.
DISCUSSION
The total incidence of all types of liver tumors was higher in diploid than triploid zebrafish at 24-week necropsy, 36.5% and 9.5%, respectively ( p < 0.003). However, the analysis of the tumor spectrum revealed that this difference is essentially a result of a dramatic increase of cholangiolar tumors (28.8%) in diploid zebrafish while in their triploid counterparts cholangiolar tumors were not detected at all. At 36-week necropsy cholangiolar tumors were observed in 10.3% of diploid and 14.9% of triploid zebrafish ( p < 0.5). These data clearly indicate a resistance of triploid zebrafish to this type of NDMA-induced neoplasia. Furthermore, considering the lack of cholangiolar tumors at 24-weeks' necropsy, the occurrence of this type of tumor at 36-week necropsy suggests an increased latency period in their development. This phenomenon may serve as further evidence in favor of a hypothesis that polyploidy is a protective factor in the pathogenesis of this type of tumor.
The increased resistance of triploid zebrafish to induction of cholangiolar tumors may indicate a lower probability for putative tumor suppressor genes to be inactivated in polyploid cholangiolar cells. This hypothesis agrees with Knudsen's model of accumulation of recessive mutations in tumor suppressor genes during the course of carcinogenesis (Knudson, 2001) . Similar results are obtained in MNNG, DMBA, and AFTB1-induced carcinogenesis in kidney, stomach, swim bladder, and, partially, liver in rainbow trout (Thorgaard et al., 1999) . By contrast, the total incidence of all types of liver tumors at 36-week necropsy was higher in triploid than diploid zebrafish, 48.7% and 20.5% ( p < 0.004), respectively. This shift in tumor incidence was caused solely by a significant increase in hepatocellular tumor incidence in triploid zebrafish as compared to diploid ones, 33.8% and 10.3% ( p < 0.007), respectively. This observation could hardly be explained by a carcinogen-induced tumor suppressor gene inactivation because the probability of mutation of all alleles of a gene in triploid animals is obviously decreased. Hence, polyploidy should have had the opposite effect on tumor development in this model. It would be pertinent to suggest that the development of hepatocellular tumors, unlike cholangiolar tumors, is affected by dominant activating mutations in genes, acting as positive regulators of cell cycle and malignant transformation, such as, proto-oncogenes. Considering this, the probability of neoplastic transformation would be approximately 1.5-fold higher in triploid than in diploid cells. The important role of mutations in proto-oncogenes in tumor induction in fish is suggested by data showing that the majority of carcinogen-induced liver tumors in rainbow trout and medaka (Oryzias latipes) have mutations either in the 12, 13, or 61 codon of the Ki-ras oncogene (Fong et al., 1993; Hendricks et al., 1994; Liu et al., 2003) . A dominant-negative mutation in tumor suppressor genes (Srivastava et al., 1993) , e.g., such as the p53 gene, where a mutation of one allele would alter the function of the remaining normal allele (or alleles, in triploid cells) may also be a mechanism of increased incidence of hepatocellular tumors in triploid zebrafish. However, the latter hypothesis did not find a direct confirmation in the recent study, which failed to detect any mutation in the p53 gene in MNNG-induced tumors in medaka (Krause, Rhodes, and Van-Beneden, 1997) .
More than 80% of all hepatocellular tumors in triploid zebrafish were detected at 36-week necropsy, while the occurrence of hepatocellular tumors in diploid animals was rather steady at 24-and 36-week autopsies, 7.7% and 10.3%, respectively. This suggests slower development of hepatocellular tumors in triplolid zebrafish as compared to their diploid counterparts. This phenomenon may be a result of decreased proliferation rate of triploid hepatocytes. In particular, Kane and Kimmel (1993) demonstrated that the cleavage rate in polyploid zebrafish embryos is significantly slower than in diploid embryos. The levels of cell proliferation play an important role in initiation and especially in promotion of carcinogenesis (Schulte et al., 1981) . Therefore, the decreased cell proliferation rate in polyploid fish may contribute to the delay in tumor development in these animals acting through a mechanism of tumor promotion.
An assumed increase in the number of copies of putative tumor suppressor genes in triploid zebrafish may also be a preventive or counteractive factor that inhibits cell transformation caused by proto-oncogene activated by a mutation. A reversal of some features of transformed phenotype in tumor cells by introducing an extra chromosome containing 518 MIZGIREUV ET AL.
TOXICOLOGIC PATHOLOGY tumor suppressor genes demonstrates that such a mechanism is quite possible (Rodriguez, Stanbridge, and Astrin, 1992) . These data show for the first time that polyploidy has a differential effect on formation of tumors of different histological types in zebrafish liver. We hypothesize that this differential effect is a result of tissue-specific mutations in target cells during the initiation stage of NMDA-induced carcinogenesis. However, slower development of both types of liver tumors in triploid zebrafish indicates their general resistance to NMDA-induced carcinogenesis, likely because of tumor inhibition at the promotion stage.
This study demonstrated that triploid zebrafish are a useful model in evaluating genetic mechanisms of carcinogenesis. We are now in the process of identifying specific genes that might be involved in NMDA-induced hepatic tumorigenesis in zebrafish.
